Statins have been reported to promote bone formation. However, taken orally, their bioavailability is low to the bones. Implant therapies require a local repair response, topical application of osteoinductive agents, or biomaterials that promote implant fixation.
Background
Osteoporosis is characterized by low bone mass, deterioration of bone microarchitecture, extensive bone fragility, and increased risk of fracture, and is highly prevalent and often undertreated in the elderly. Osteoporosis leads to poor osseointegration and reduction of implant stability [1] . With an aging population, an associated increase in the proportion of patients with osteoporosis requiring implant treatment will likely occur [2, 3] . Systemic administrations of anti-resorptive agents inhibit further bone loss rather than promote bone formation.
Statins are cholesterol-lowering drugs known to possess a number of pleiotropic effects [4, 5] , including promotion of bone formation [6] . Previous studies showed that simvastatin induces osteoblastic differentiation in vitro [7] , promotes osteoblast viability and differentiation [8] , stimulates bone formation in vivo [9] , and stimulates tendon-bone healing in vivo via increased angiogenesis and osteogenesis [10] . However, the anabolic effect of statins on bone formation remains controversial [11, 12] . Discrepancy likely exists because the primary target organ for statins is the liver, in which less than 5% of orally administered statin is present in the circulation, with even lower amounts being distributed into the bones [13] . Local application of statins might promote stimulation of bone formation. Multiple local injections of simvastatin with methylcellulose gel promote mandibular bone formation [14] , and locally applied simvastatin to the site of fracture improves fracture healing [15, 16] . Furthermore, simvastatin-coated implants have a positive impact on osseointegration and bone fracture healing [17, 18] . Our previous studies showed that locally-applied simvastatin improved calvarial bone defect healing by the recruitment of autogenous osteogenic stem cells [19] , and that a single local simvastatin injection increased target osteoporotic bone mass [20] .
Osteogenesis and angiogenesis are closely related [10, 21] . Postmenopausal osteoporosis is characterized by reduced number of sinusoidal and arterial capillaries in the bone marrow and reduced bone perfusion [22] . Increased bone vascularity and angiogenesis in the bone marrow might protect from bone loss in ovariectomized (OVX) rats [23] . Statins have been reported to amplify angiogenesis in stroke [24] and increase the density of capillaries in the chronic ischemic heart [25] .
However, the effects of simvastatin on bones and implant stability have not been studied in an OVX rat model of osteoporosis. Therefore, we hypothesized that local injection of simvastatin enhances the local blood supply, which may be beneficial for bone formation and implant stability. The aim of the present study was to evaluate the effect of a single local injection of simvastatin on screw fixation in an OVX rat model of osteoporosis. Results from the present study might lead toward new strategies to improve implant stability in patients with osteoporosis.
Material and Methods
Preparation of injectable simvastatin and screw Simvastatin (National Institute for Food and Drug Control, Beijing, China) was dissolved in phosphate-buffered saline (PBS) with 2% dimethylsulfoxide (DMSO, Sigma, St Louis, MO, USA) and 0.1% bovine serum albumin (BSA, Sigma, St Louis, MO, USA) [20] . Injectable simvastatin was examined by scanning transmission electron microscopy (STEM; JEM-200CX; JEOL, Tokyo, Japan) at 30 kV ( Figure 1A ). Briefly, samples (10-μl) were deposited onto a copper TEM grid for 5 s; after excess solution was absorbed, phosphotungstic acid was used to stain the sample [26] .
Mini-titanium Ti-6Al-4V alloy screws (1.5 mm in outer diameter, 10 mm in length and 0.2 mm in pitch) were a gift from Weigao Orthopedic Device Co., Ltd. (Beijing, China).
Animals and implantation, double-fluorochrome labeling and Microfil ® infusion
After 2 weeks of acclimation, 48 3-month-old Sprague-Dawley female rats (weight 260.68±16.85 g) underwent bilateral OVX to induce osteoporosis, as described previously [9] . Twelve weeks after OVX, the osteoporotic animals were randomly divided into 3 groups (n=16 rats /group): 1) implant with 5 mg simvastatin; 2) implant with 10 mg simvastatin; or 3) implant without simvastatin. All surgical procedures were carried out under general anesthesia with an intraperitoneal injection of 10% chloral hydrate (3.3 ml/kg). The Peking University Third Hospital Committee on Ethics in the Care and Use of Laboratory Animals approved all experimental protocols.
A hole penetrating the contralateral cortical bone was drilled perpendicular to the long axis of the left femur, 1 mm away from the distal growth plate, with a low-speed drill (diameter of 1.0 mm) and continuous cool saline irrigation. A mini-titanium Ti-6Al-4V alloy screw was then inserted into the hole and the skin was sutured. Simvastatin solution (100 μl containing 5 or 10 mg) or vehicle (100 μl) was injected into the femurs at the intercondylar notch using a 1-ml syringe with a 20-gauge needle. Bone wax was used to seal the hole and prevent leakage.
To monitor bone mineral apposition rates (MARs), double-fluorochrome labels were administered as follows. Briefly, under general anesthesia, calcine green (Sigma, St. Louis, MO, USA; 8m g/kg) was injected via the tail vein on day 7 after implantation.
Alizarin red (Sigma, St. Louis, MO, USA; 20 mg/kg) was injected on day 21 after implantation [27, 28] .
Four weeks after implantation, 4 rats from each group were selected randomly for Microfil ® perfusion (Flow Tech Inc., Carver, MA, USA). Microfil ® is a silicone-based polymer that produces semi-rigid vascular casts to enable vessels to be visualized radiographically [29] . Prior to sacrifice, the abdominal aorta was cannulated and infused with heparinized saline, followed immediately by perfusion with 10 ml of Microfil ® (42% of MV-122 yellow, 53% of diluent solution and 5% of curing agent; Flow-Tech, Carver, MA, USA) at a constant rate of 0.75 ml/min [30] . Microfil compound was allowed to polymerize overnight at 4°C. Each sample was carefully dissected, leaving a large amount of muscles around the bone, prior to fixing in 10% neutral buffered formalin.
The remaining rats were euthanized and their left femurs excised. Four specimens from each group were randomly selected for undecalcified histology or scanning electron microscopy (SEM). After evaluation with dual-energy X-ray absorptiometry (DXA) and micro-computed tomography (μCT), 2 specimens from each group were randomly selected for immunohistochemistry to analyze the expression of bone morphogenetic protein 2 (BMP2), vascular endothelial growth factor (VEGF), VEGF receptor 2 (VEGFR-2), von Willebrand factor (vWF), and platelet endothelial cell adhesion molecule-1 (CD31). The remaining 6 specimens were evaluated using biomechanical push-in tests. To reduce bias, tests were conducted blinded.
DXA
Because peri-implant bone (PIB) mineral density (BMD) is difficult to detect in rats, we assessed BMD of the mid-diaphysis region of the femur. The region of interest (ROI) was set to 1.5 cm × 0.5 cm at the same position in the mid-shaft of each femur [31] .
μCT Specimens were placed in a sample holder with PBS and scanned using μCT (Inveon, Siemens, Erlangen, Germany) at a spatial resolution of 18 µm, 600 kV/300 µA, with 900 ms integration time and 360 projections per 360°. 
Bone microstructure
It is reported that anchorage failure occurs mainly in PIB, 0.5 to 1.0 mm away from the implant surface [32] . The volume of interest (VOI) was defined as 1.0 mm away from the implant surface ( Figure 1B ). The implant in the VOI was selected and extracted by means of binarization [33] . Three-dimensional (3D) images of the VOI were reconstructed ( Figure 1B ). Bone volume/tissue volume (BV/TV), trabeculae number (Tb.N), average trabecular thickness (Tb.Th), average trabeculae separation (Tb. Sp), and percentage osseointegration (%OI) were calculated.
Vascularity
Specimens with Microfil ® perfusion were scanned twice, as previously described [29] . After μCT analysis, femurs were decalcified in a mixture of 4% formic acid and 10% formalin. Decalcified samples, with screws mechanically removed, were kept in 10% formalin until re-analysis to obtain the vascular system. Deep red was assigned to vessels external to the bone, to provide a clear-cut difference between external and internal bone vessels [30] . VOI was defined from the growth plate extending 10 mm below the diaphysis, and was measured in 3D to characterize vascular differences between the 3 groups. Vessel thickness was determined using the sphere algorithm, which is routinely used to measure mean bone trabecular thickness [29, 30] . Parameters, including vessel volume (VV), VV per tissue volume (VV/TV), vessel number (V.N), vessel thickness (V.Th), and vessel surface area (V.SA), were also calculated [32] .
Histology
Four specimens were selected randomly from each group and were fixed in 10% neutral buffered formalin, dehydrated in increasing gradients of alcohol, and embedded in methylmethacrylate resin. Undecalcified sections of 30 μm were cut and ground perpendicular to the long axis of the screw (EXAKT Cutting & Grinding System, Norderstedt, Germany).
MARs were calculated under fluorescence microcopy (DM3000, Leica Microsystems, Wetzlar, Germany) by measuring the mean distance between the 2 fluorescent labels divided by 14 days (time interval between injections) [34] . MARs of different areas, peri-implant trabecular and cortical bone, were also calculated.
After observation of MARs, undecalcified sections were stained with toluidine blue or Goldner's trichrome and observed under light microscopy (E800, Nikon, Tokyo, Japan). Goldner's trichrome was used to identify maturity of new trabecular bone around the implant. Using this method, mature trabecular bone and osteoid were stained green and red, respectively [35] .
SEM
SEM was performed as previously described [36, 37] . In brief, 2 specimens, selected randomly from each group, were embedded in polymethyl methacrylate resin and cut into 100-μm-thick slices perpendicular to the long axis of the implant (EXAKT Cutting & Grinding System, Norderstedt, Germany). After grinding and polishing, the specimens were coated with gold-palladium (K550x, Quorum Technologies Ltd., Lewes, England) and processed for SEM (JSM-5600LV, JEOL, Tokyo, Japan) with accelerating voltages at 15 kV increments.
Push-in test
After carefully removing the surrounding soft tissues, specimens were frozen at -80°C for mechanical testing. Samples were slowly thawed at 7°C overnight and then allowed to reach room temperature prior to testing [38] . The strength of implant fixation was evaluated using a push-in test, via a mechanical testing system (MTS Landmark Servohydraulic Test System, MTS Systems Co., Eden Prairie, MN, USA). As previously described [1, 39] , specimens were embedded in polymethyl methacrylate and a round hole, a little larger than the screw, was made in the resin to expose the 2 ends of the implant. The compression indenter was centered over the long axis of the implant ( Figure 1C ) with a 2-N preload applied along the longitudinal axis of the screw. The biomechanical push-in test was accomplished at a rate of 2 mm/min. The maximum value of the ultimate load was recorded.
Immunohistochemistry
Two specimens, selected randomly from each group, were fixed in phosphate-buffered 4% paraformaldehyde and decalcified in 10% ethylene diamine tetraacetic acid (EDTA), prior to routine paraffin embedding. Sections (5-mm) were treated with 3% H 2 O 2 for 10 min, then incubated in 10% goat serum diluted in PBS for 30 min, followed by incubation with either rat polyclonal anti-BMP2 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-VEGF (1:300), rabbit anti-VEGFR-2 (1:300), rabbit anti-vWF (1:300), or rabbit anti-CD31 (1: 300) antibodies, overnight at 4°C. All primary antibodies, apart for BMP2, were purchased from Beijing Biosynthesis Biotechnology (Beijing, China). After incubation with biotinylated anti-rat secondary antibody for 30 min and peroxidase for 10 min, signals were detected using diaminobenzidine and observed under light microscopy (E800, Nikon, Tokyo, Japan).
Statistical analysis
All data are expressed as mean ± standard deviation (SD). Statistical analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA was conducted to assess differences among groups, followed by appropriate least significant difference (LSD) tests. P-values <0.05 were considered to be statistically significant.
Results

Establishment of the rat model of osteoporosis
Surgery was successful in all animals and recovery was uneventful. No signs of infection arose at implant sites. All rats survived the modeling.
Bone formation
Four weeks after implantation, BMD of groups treated with 5 or 10 mg simvastatin was increased by 18.2% and 22.4% (both P<0.05), respectively (Table 1) .
μCT imaging confirmed that simvastatin increased bone formation around the screws compared with the control group ( Figure 1D ). Quantitative analysis revealed that a single local simvastatin injection (5 Histology results confirmed the μCT imaging findings. The PIB was significantly increased in the simvastatin-treated groups (Figure 2 ).
In Figure 3 , areas labeled with green and red fluorescence represent regions of calcium precipitation labeled by double-fluorochrome at different moments of tissue mineralization. The peri-implant trabecular and cortical bone MARs of the simvastatin groups were markedly greater than those in the controls ( Figure 3A, 3B) . The peri-implant trabecular bone MARs of the 5 (7.96±1.80 μm/d) and 10 mg (6.61±0.71 μm/d) simvastatin groups were significantly greater than those in controls (2.89±0.16 μm/d) (P<0.010 ( Goldner's trichrome staining showed that there was less periimplant trabecular bone in the control group. However, a large amount of peri-implant trabecular bone could be observed in the simvastatin injection groups. Interestingly, the mature trabecular bone volume after injection of 5 mg simvastatin was markedly higher than that in the controls, and after injection of 10 mg simvastatin there was a large amount of osteoid around the implant ( Figure 3C ). SEM images clearly illustrate that the PIB volume fraction and osseointegration was lower in the control group. In comparison, locally applied simvastatin markedly increased the periimplant bone volume fraction and osseointegration in the osteoporotic bone of OVX rats (Figure 4 ).
The push-in test showed that 4 weeks after implantation, implant fixation in groups treated with simvastatin (5 and 10 mg) was significantly higher than that in controls (both P<0.05; Table 1 ). 
Angiogenesis induction
Four weeks after a single local injection of simvastatin, the number of vessels was increased in the bone marrow compared with controls. In addition, more vessels were found externally to the bone in the simvastatin groups compared with controls ( Figure 5 ). Immunohistochemistry showed that both BMP-2 and VEGF expression was markedly higher in the simvastatin-treated groups than that in the control group ( Figure 6 ). Endothelial markers, including VEGFR-2, vWF, and CD31, were also higher in the simvastatin-treated groups than that in the control group (Figure 7) . These results indicate that angiogenesis was induced by a single local simvastatin injection. Furthermore, This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License femurs of OVX rats treated with a single dose of simvastatin had reduced numbers of adipocytes in the bone marrow cavity compared with the control group.
Discussion
Osteoporosis not only increases the risk of fracture, but also decreases the performance of implants [40, 41] , and even increases the rate of implant failure associated with slow osseointegration in osteoporotic subjects [42] . Therefore, achieving sufficient implant fixation in osteoporotic bone might be a challenge. Current systemic therapies, including estrogen, bisphosphonates, calcitonin, and other anti-resorptive agents, are intended primarily to inhibit further bone loss rather than improving implant anchorage locally [43] . Therefore, the present study aimed to evaluate the effect of a single local injection of simvastatin on screw fixation in an ovariectomized rat model of osteoporosis. Results showed that simvastatin significantly improved BMD, increased BV/TV, Tb.Th, Tb.N., and %OI, and decreased trabecular separation. MAR was significantly increased. Furthermore, implant fixation significantly increased. Local injection of single-dose simvastatin also promoted angiogenesis. VN, VV, V.Th, V.Sa, and VV/TV were significantly increased, and were associated with increases in VEGF, VEGFR-2, vWF, and CD31.
Internal fixation requires improved PIB formation and stability of the bone-implant interface. Therefore, bioactive agents loaded directly onto the implant surface will be of great advantage for implantation in osteoporotic bone. Recently, various agents have been tried in attempts to locally enhance implant fixation, including bisphosphonates, bone cements, and BMPs [44] [45] [46] . Bisphosphonates inhibit excessive bone resorption, but because bone resorption and bone formation are related, this inhibitory effect likely affects bone formation [47] . Bone cements physically, but not physiologically, improve fixation strength and are poorly degraded, with a number of limitations [48] . BMPs are not used widely in the clinical setting because of their short shelf life and high cost [49] .
Simvastatin is inexpensive and has been used safely for many years. Simvastatin administered orally at a daily dose of 5 mg/ kg significantly improved osseointegration in osteoporotic rats [50] . Systemic administration of statins requires a relatively high daily dose to counter hepatic clearance, which likely elicits adverse effects. Evidence for an anabolic effect on bone following local application of simvastatin has been shown in the mandible [50] and critical-sized calvarial bone defects [51] . Furthermore, local application of simvastatin in PGA gel, as a slow-release carrier, has shown positive effects on bone around titanium implants in normal rats [38] .
Low BMD affects initial stability of the implant and delays osseointegration [52] . In this study, we found that BMD at the mid-diaphysis region of the femur was significantly increased compared with controls. However, BMD is not the only factor that affects stability of the implant, and local bone microstructural quality also affects implant anchorage [40] . Gabet et al. found that changes in anchorage biomechanical properties, with respect to%OI, appeared substantially smaller than changes to the PIB structure [32] . Our μCT, histology and SEM results showed that a single local simvastatin injection significantly improved all of these parameters previously shown to be associated with better osseointegration. These results are in accordance with previous studies showing increased osteoblast differentiation and viability after simvastatin treatment [7, 8] . A recent study showed that local simvastatin injections increased bone mass in rats [20] . A previous study also showed that simvastatin improved tendon-bone healing in a rabbit model [10] , as well as bone fracture repair [15, 16] .
Both pull-out and push-in failures are caused by implant loosening and detachment. Pull-out has been more frequently assessed, as it is most often observed in the clinic, particularly when the screw penetrates just 1 side of the cortical bone. In the present study, screws penetrated both sides of the cortical bone wall with identical diameter to screws in the bone. Implant fixation relies strongly on early stability, which is coupled to the risk of later loosening [52, 53] . PIB loss is significant during the first 3 months after implantation, mostly as a result of limited weight bearing and stress shielding during the repair process [43] , and common anti-resorptives can only help in reducing bone loss after 3 months [36] . It is especially crucial to increase bone mass, improve the PIB microstructure, and enhance osseointegration at the early stages. In the present study, we selected a 4-week post-implantation time point for bone assessment because it is suggested to be an early and key period for mechanical stability and osseointegration in OVX rats [54] . Simvastatin increased BMD and periimplant microstructure, and improved implant fixation within 4 weeks. In addition, the push-in strength was significantly higher in the simvastatin-treated groups than in the control group. However, the long-term effect of simvastatin on implant fixation warrants further study. Undecalcified samples were stained with Goldner's trichrome to identify maturity of new trabecular bone around the implant. There was a large amount of mature bone around the implant in the 5 mg simvastatin group, while in the 10 mg simvastatin group there was a large amount of osteoid. From the MARs results obtained using a double-fluorochrome labeling of cortical bone, we observed that the red-labeled bands in the 10 mg group were thicker than in the 5 mg group. This implies that osteogenesis was still active in the 10 mg group on day 21 after administration of simvastatin. Taking the difference in performance of the 2 groups, we hypothesize that the higher simvastatin concentration tends to have a longer retention time after local injection into the bone marrow. To explore these phenomena, further research needs to be done.
Simvastatin has been shown to induce expression of BMP-2, a potent osteoinductive cytokine, in bone marrow stromal cells in vitro [7] and in rat models [18] . Here, we observed up-regulation of BMP-2 expression following a single local simvastatin injection in vivo. Previous mechanistic studies also suggest that an upregulation of the estrogen receptor by simvastatin [9] , as well as an effect of the Ras/Smad/Erk/BMP-2 pathway [8] . However, more studies are necessary to assess the exact mechanisms involved in the effects of simvastatin on bone repair.
Angiogenesis is closely coupled with osteogenesis [55] . Angiogenesis plays a pivotal role in skeletal development and bone fracture repair [56] . Impairment of angiogenesis decreases trabecular bone formation [22] . One of the current limitations of bone tissue engineering is the inability to provide sufficient blood supply during the initial phase after implantation [57] . Factors that can couple the activity of angiogenesis with osteogenesis are likely to have a clear advantage [58] . In the present study, Microfil ® perfusion revealed more blood vessels in the bone marrow and around the bone after a single local dose injection of simvastatin, which was supported by previous studies [8, 16] .
Vascularization is required for osteogenesis and is accomplished by a combination of factors, including adequate oxygen tension, compression forces, nutrients, growth factors, and differentiation factors [59] . Furthermore, the surrounding vasculature outside the bone provides an essential source of morphogens and a source from which regenerative cells may be recruited during injury-induced bone regeneration [59] . We hypothesize that local simvastatin application enhances angiogenesis, which is a novel explanation for the effect of simvastatin on bone formation. Results showed that the expression of angiogenesis markers, including VEGFR-2, vWF, and CD31, were markedly higher in the simvastatin-treated groups than in the control group. In addition, immunohistochemistry showed a marked increase in VEGF expression in simvastatin-treated groups, which acts as a major angiogenetic modulator involved in the process of blood vessel formation. Histology showed a reduced number of adipocytes in simvastatin-treated bone marrow, which was consistent with our earlier studies [7, 20] BSA is widely used as a carrier for drug delivery, and has been shown to be nontoxic, non-immunogenic, biocompatible, and biodegradable, and to have controlled release properties [60] . Furthermore, it provides a large number of reactive sites for multivalent coupling of bioactive molecules and improves the water-solubility of the drugs [61] . In this study, a single local injection of simvastatin affected bone metabolism for at least 4 weeks. BSA degradation rate and sustained release of simvastatin were not examined, both of which need to be elucidated in the future. A single local injection was easier to administer, removing the need for the tedious coating process.
In the present study, only a small amount of simvastatin was required to induce osseointegration. We determined this amount to be about 1-6% of the dose used previously for oral administration (5 or 10 mg/kg/day for 42 days) [9] . Other studies have reported favorable effects of systemic administration of simvastatin at higher concentration or for longer time (50 mg/ kg/d for 42 days [62] , or 5 mg or 10 mg/kg/day for 30 days [63] ). This supports our hypothesis that local administration of statins may improve their bioavailability, increase bone repair, and reinforce fixation in osteoporotic bone. Results from the present study might lead to new, simple, and cost-effective strategies to improve implant stability in patients with osteoporosis. However, due to risks of rhabdomyolysis, statins are being used less for prevention of fall-induced hip fractures in the elderly [64] . Therefore, results of the present study probably could not be applied in the context of high statin use, but only from local application (e.g., slow-release beads), which would result in very low systemic levels. Further studies are required to assess this issue.
Conclusions
A single local injection of simvastatin significantly increased bone formation, promoted osseointegration, and enhanced implant fixation in OVX-induced osteoporotic rats. The underlying mechanism of action appears to involve up-regulation of BMP2 expression and enhanced angiogenesis in the target bone.
